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Abstract

Launched on 23rd February 1999, the Ørsted satellite opened the decade of geopotential field research. This is the first satel-
lite to measure the three components of the Earth’s magnetic field since MAGSAT (1979–1980). Ørsted orbital parameters are
very similar to those of MAGSAT, allowing a first-order comparison of the 1979 and 2000 magnetic fields. Using the available
vector and scalar data over the first 14 months of the Ørsted mission and applying classical selection criteria (local time,
external magnetic activity), we compute a 29-degree/order main-field model and a 13-degree/order secular-variation model
for the period 1999–2000. The applied method and the accuracy of the derived model are discussed. We compare the resulting
main-field model to a similar one derived from MAGSAT data. Results of this comparison are presented, such as (i) morphology
and energy spectrum of the secular variation and (ii) morphology of the crustal magnetic field at MAGSAT and Ørsted epochs.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the quest to understand the structure and dynam-
ical processes in the Earth’s deep interior, one of the
most important sources of information is knowledge
of the Earth’s magnetic field and its evolution in time.
Changes in the main magnetic field with time, known
as secular variation, have been recognized since Henry
Gellibrand compared magnetic declination measure-
ments he made in London in 1634 with measurements
made by Gunter and Borough 12 and 54 years before
(Malin and Bullard, 1987). From the mid-19th century
onwards, detailed and accurate information about sec-
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ular variation became available from the magnetic ob-
servatories which continuously measured the geomag-
netic field (Langel, 1987). Unfortunately, the global
observatory network provides magnetic data only at
a finite number of unevenly distributed locations. Ac-
curacy of the global main-field and secular-variation
models relies, among other parameters, on the geo-
graphic data distribution(Alexandrescu et al., 1994;
Langel et al., 1995; Langlais and Mandea, 2000)and
is thus limited.

The advent of the space age provided the opportu-
nity to obtain such an ideal dataset by launching satel-
lites that carry vector magnetometers. The first satellite
mission dedicated to this task was MAGSAT, which
operated from November 1979 to May 1980. Unfor-
tunately, while this mission provided the most accu-
rate model of the geomagnetic field at that particular
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time period, it did not last long enough to provide an
accurate model of the secular variation(Barraclough,
1985). Following MAGSAT, the geomagnetic commu-
nity waited for 20 years before the successful launch
and deployment of the Ørsted satellite, that provides
data of a similar quality to MAGSAT, allowing a sec-
ond highly accurate snapshot of the geomagnetic field.
This latest satellite not only allows us to refine our
knowledge of the main field, but also provides the op-
portunity to study its evolution over 20 years. Further-
more, the 14 months of Ørsted data used here are long
enough to construct secular-variation models.

MAGSAT and Ørsted having nearly the same
orbital parameters (except for the altitude), it is
straightforward to make first-order comparisons be-
tween main-field models computed from both satel-
lites data. In the following, we first summarize the
modeling methodology, together with the applied
weighting schemes. The method is then applied to
the selected MAGSAT and Ørsted datasets. Result-
ing main-field models (for 1979 and 2000) and the
mean (1979–2000) and instantaneous (1999–2000)
secular-variation models are presented. We then dis-
cuss the accuracy of the different models. We finally
compare the magnetic field models between MAGSAT
and Ørsted epochs, with regard to both the temporal
evolution of the main field and the lithospheric field.

2. Determining a field model

2.1. Mathematical expression

The magnetic field�B can be expressed as�B =
−�∇V , whereV is a scalar potential satisfying�V =
0. This potential is the sum:

V = Vint + Vext (1)

whereVint andVext are the internal and external scalar
potentials, respectively. These two potentials can be
represented by spherical harmonic expansions, follow-
ing Gauss (1839):
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where the reference radius isa = 6371.2 km, corre-
sponding to the mean radius of the Earth, andr, θ, φ
are the radial distance, the geocentric colatitude and
the longitude of a given measurement location, respec-
tively. Pm

n ( cosθ) and are the Schmidt-normalized as-
sociated Legendre functions of degreen and orderm.
Measurements of the magnetic field are used to es-
timate the so-called Gauss spherical harmonic coef-
ficients ((gmn , hmn ) for internal sources, and (qmn , smn )
for external sources), which in principle uniquely de-
scribe the geomagnetic field outside the sources re-
gion.Eqs. (2) and (3)are truncated toNmax

i andNmax
e ,

respectively. The coefficients (∼q0
1, ∼q1

1, ∼s1
1) account

for the first-degree and orderDst-dependent part of
the external field, with its internal induced counterpart
represented byQ1.

The Gauss coefficients are also time-dependent. In-
deed, the temporal variations of the geomagnetic field
have an extremely wide spectrum, ranging over more
than 20 orders of magnitude(Courtillot and Le Mouël,
1988). In order to recognize time variations of inter-
nal origin, the secular variation, one needs about 1
year of continuous observations. This variation is as-
sumed to be constant over short time scales. Secular
variation can be introduced inEq. (2) by adding a
secular-variation potential,Vsv, truncated toNmax

sv :

Vsv = a

Nmax
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(a
r
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whereġmn andḣmn are the time derivatives of the inter-
nal Gauss coefficients.T0 denotes the reference time
(i.e. the epoch of the main-field model), andt is the
considered time.
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First, we consider different maximum degrees for
the secular-variation and main-field models. Usually
the secular variation is solved only for the first 8 de-
grees, and neglected above, as for the IGRF mod-
els (Mandea and Macmillan, 2000). Solving for the
high-degree, low-energy terms is not easy because
some overlapping appears in both spatial and temporal
domains, between crustal field and secular variation.
A second approach is thus considered. The low-degree
secular-variation coefficients are solved together with
the main-field coefficients, and the high-degree terms
are set to a priori estimated values. This removes the
corresponding part of secular variationVsvp from the
observations, using:

Vsvp= a

Nmax
sv∑

n=Nmin
sv

(a
r

)n+1 n∑
m=0

(t − T0)
(
ġmn cos(mφ)

+ḣmn sin(mφ)
)
Pm
n ( cos(θ)) (5)

Secular-variation coefficients forn < Nmin
sv are solved,

the ones forNmin
sv ≤ n ≤ Nmax

sv are set to a priori
coefficients, and the last ones (ifNmax

sv < Nmax
i ) are

assigned zero.
In the present study, geomagnetic external varia-

tions, such as the daily variation, the apparent 27-day
periodicity in magnetic activity, the semi-annual and
annual variations, and the approximate 11-year period
variations, are neglected.

2.2. General solution

The observed components (Cobs
i ) of the ith mag-

netic field measurements�Bobs
i are the northward

(Xobs
i ), eastward (Yobs

i ), downward vertical (Zobs
i )

components, and total intensity (Fobs
i ). They are used

to estimate the spherical harmonic coefficients, by
minimizing the sum(Cain et al., 1967):

χ2 =
Nobs∑
i=1

ωC
i

(
Cobs
i − Cmod

i

)2
(6)

whereCmod
i is the corresponding field component de-

rived from the model,Nobs is the number of observa-
tions andωC

i denotes the weight associated to theith
measured component.

When considering an isotropic source of error,ωC
i

is commonly set to 1/σ2
i , whereσi is the estimated

measurement accuracy. This weighting scheme can be
also expressed as a function of local time (to down-
weight dayside data), or of the geographical position
(to downweight polar data). Identical weights are used
whatever field componentX, Y or Z is considered.
This is the approach we applied to MAGSAT data, but
not to Ørsted data.

For Ørsted, the poor determination of the rotation
angle around the pointing axis (n̂) of the Star IMager
(SIM) leads to anisotropic uncertainties(Olsen et al.,
2000). Resulting errors on the field components are
thus anisotropic, which are taken into account by a
weighting scheme developed byHolme and Bloxham
(1996). �B, the observed magnetic field vector, andn̂

can be used to define a new reference frame in which
errors on each field components can be expressed (pro-
vided their directions are not parallel). The new coor-
dinate system is defined by�B, n̂∧ �B and�B∧(n̂∧ �B), to
which we refer asB, B⊥ andB3, respectively(Holme,
2000). The solution is obtained by solvingEq. (6), us-
ing the field components expressed in the new refer-
ence frame. Individual weights in this new coordinate
system are:

ωB = 1

σ2
(7)

ωB⊥ = 1

σ2 + (n̂ ∧ �B)2ξ2 + (n̂ × �B)2ψ2
(8)

ωB3 = 1

σ2 + B2ψ2
(9)

whereψ2 andξ2 are error variances parallel and per-
pendicular ton̂.

For a near-polar orbiting satellite, the number of
data is larger near the poles than near the equator. Such
an uneven coverage can be counterbalanced either by
selectively decimating data along orbits or by down-
weighting data using a sin(θ) factor (the latest one
was chosen in this study). Weights are finally normal-
ized to get their sum for scalar (or vector) data equal
to the total number of scalar (or vector) data.

3. Modeling

Below we present the selection criteria applied to
both MAGSAT and Ørsted magnetic measurements.
Using MAGSAT subsets, we looked for the optimal
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interval during which the main field can be recovered,
while the secular variation can be neglected. After-
wards, we used identical time periods for Ørsted sub-
sets, and then computed a model based on the whole
Ørsted dataset.

3.1. Data selection

MAGSAT flew 7 months during 1979 and 1980. The
available dataset contains three-component measure-
ments, sampled at 2 Hz. For Ørsted, scalar and vector
data of level 2.2 available from March 1999 to April
2000 were used. From May to November 2000, the
full solar illumination led to malfunction of the SIM
so that no vector data are available (Kim Bisgaard,
ØSDC, personal communication). We considered both
vector magnetometer (CSC) and scalar magnetometer
(OVH) data. At the time of writing, these data remain
provisional, having rare but large time jumps. Outliers
were removed by comparing measurements with val-
ues predicted by the derived model(Langlais et al.,
1999).

To limit the influence of external field variations,
only the dawn side data were selected from the
MAGSAT mission and only night time data from the
Ørsted mission (corresponding to the North-to-South
passes, with local time over the equator slowly de-
creasing from 3:00 to 20:00). Filtering was then
applied to both satellites datasets by using exter-
nal activity indices: considering a particular data
with associated timet (in hour), the criteria used
are Kp(t) ≤ 1+, Kp(t ± 3) ≤ 2−, |Dst| ≤ 5 nT,
|d(Dst)/dt| ≤ 3 nT h−1. These criteria are more re-
strictive than those used for the Ørsted Initial Field
Model (OIFM) by Olsen et al. (2000), but the result-
ing dataset is large enough to allow the high-degree
and order spherical harmonic models to be derived.
At high absolute dipole latitude (>50◦), only inten-
sity data were used; in the following priority was
given to OVH measurements; when missing, com-
puted values from the CSC measurements were
used.

All the derived models were computed with dif-
ferent values forNmax

i , with Nmax
e = 2, and with a

first-degreeDst-dependence (withQ1 = 0.27 (Langel
and Estes, 1985)). We used an isotropic weighting
scheme for MAGSAT (σ = 4 nT), and an anisotropic
one for Ørsted (σ = 4 nT,ψ = 10′′ andξ = 60′′).

3.2. Modeling the MAGSAT data

In this study the geomagnetic field is modeled using
only satellite data. Because the MAGSAT satellite pro-
vided only 6 months of magnetic measurements, the
secular variation over this short time interval can be
recovered only if the external, periodic variations are
minimized(Cain et al., 1983). However, modeling the
secular variation from MAGSAT data is controversial
(Barraclough, 1985). In the following we analyze in
more detail the secular-variation modeling over short
time periods.

A crucial point is the choice of the shortest time
interval during which the main field can be well de-
termined while the secular-variation effects can be ne-
glected. We used the MAGSAT dataset to define this
optimal time interval. Notingg the internal field coef-
ficients, we made the distinction between∂g/∂t (com-
puted together withg) and�g/�T = (g2−g1)/(T2−
T1) (computed as the difference between two consec-
utive g).

We first tested the data distribution as a function of
time duration by increasing the time intervals. Data
were sorted onto a 3◦ ×3◦ equiangular grid to homog-
enize the consecutive datasets. As the derived models
are truncated toNmax

i = 20, an equiangular distribu-
tion with one point per 12◦ × 12◦ bin is required. For
1, 1.5, 2 and 3 months, bins were filled to 90.1, 95.5,
99.9 and 100%, respectively, suggesting that models
derived with less than a 1.5-month time interval might
not be reliable.

Table 1 presents the first-degree and order
secular-variation coefficients based on different time
interval datasets. Comparing∂g/∂t and �g/�T ,
it is possible to evaluate the optimal time interval
during which (i) ∂g/∂t are uncorrelated between
successive models, and (ii)�g/�t are close to the
expected values given by an a priori model. Models
based on 1-month and 1.5-month datasets are un-
realistic: both ∂g/∂t and �g/�T are uncorrelated
and reach several tens of nT. The 2-month mod-
els provide uncorrelated∂g/∂t coefficients, while
�g/�T are more realistic when compared to the
DGRF 1980 coefficients(Barraclough, 1987)or to
the ones of the M102389 model(Cain et al., 1989).
The secular variation∂g/∂t is significant over the
3-month time interval, and thus should not be ig-
nored.
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Table 1
First-degree and order secular-variation coefficients (in nT per year) derived together withg (left columns) and computed as the difference
between consecutiveg (right columns)

∂g0
1/∂t ∂g1

1/∂t ∂h1
1/∂t Time period �g0

1/�T �g1
1/�T �h1

1/�T

75.3 5.8 −43.0 01/11/1979→ 30/11/1979 67.1 85.8 −94.5
57.0 55.1 −18.4 01/12/1979→ 31/12/1979 −13.8 −37.7 31.3−19.2 35.4 24.4 01/01/1980→ 31/01/1980 14.1 −17.1 −22.6−8.3 12.8 59.8 01/02/1980→ 29/02/1980 −34.1 18.1 14.1
26.7 −57.8 21.8 01/03/1980→ 31/03/1980 85.6 −49.7 −63.1
57.8 −2.0 −98.9 01/04/1980→ 30/04/1980

47.4 21.7 −57.1 01/11/1979→ 15/12/1979 25.3 27.9 −24.8
1.2 3.4 4.3 16/12/1979→ 31/01/1980 14.4 −3.6 −2.3

22.7 4.1 −8.7 01/02/1980→ 15/03/1980 54.5 −4.2 −30.6
41.6 9.2 −68.0 15/03/1980→ 30/04/1980

43.7 40.0 −57.8 01/11/1979→ 31/12/1979 19.1 7.1 −19.0
11.9 −3.5 −13.1 01/01/1980→ 29/02/1980 29.7 13.9 −10.8
35.6 5.6 −39.9 01/03/1980→ 30/04/1980

24.4 17.1 −28.5 01/11/1979→ 31/01/1980 20.1 9.3 −11.4
26.6 11.0 −20.8 01/02/1980→ 30/04/1980

23.8 11.3 −19.0 01/11/1979→ 30/04/1980

25.0 14.9 −17.4 Cain et al. (1989)

23.6 10.2 −20.8 Barraclough (1987)

However, it should be tested whether secular vari-
ation can be ignored over 2-month interval. We thus
compared the rms (derived fromχ2 in Eq. (6)) for
models computed with and without secular variation.
The improvement of the rms is only 1.7, 1.2, 4.4 and
4.5% for X, Y , Z and F , respectively. The residu-
als in F are twice as large as those of theX, Y and
Z components, but the intensity measurements were

Table 2
Number of scalarNsca and of vectorNvec data and rms misfits (σ in nT) of the derived models

Model Nsca σ(F) Nvec σ(B) σ(B⊥) σ(B3) σ(Br) σ(Bθ) σ(Bφ)

M19791112 37690 8.9 43688 4.9 6.7 6.6
M19800102 38226 8.1 36316 5.3 7.3 6.5
M19800304 29922 8.1 34469 5.3 6.5 5.7
Ø19990304 71118 3.9 6372 2.4 7.6 2.7 4.1 5.1 5.2
Ø19990506 65566 6.3 10655 3.2 8.7 3.3 5.2 6.4 5.3
Ø19990708 42940 5.8 8577 2.4 8.6 3.3 5.3 6.5 4.6
Ø19990910 24144 6.1 11208 2.4 8.4 3.3 5.2 6.1 4.9
Ø19991112 38868 6.5 21791 2.1 7.6 3.0 4.6 5.2 5.0
Ø20000102 35454 6.2 18990 2.7 8.3 3.0 4.9 5.8 5.3
Ø20000304 46538 4.5 20613 2.4 7.6 4.9 4.9 5.0 5.6

Ø19992000SVM 323953 6.7 97530 3.6 8.6 4.3 5.2 6.9 5.6
Ø19992000SVI 323953 6.6 97530 3.6 8.6 4.3 5.2 6.9 5.6

used mostly near the polar area, where the external
magnetic field presents short time period variations.

Finally, the 2-month models without solving for the
secular variation were retained to represent the mag-
netic field. These models are named with respect to
the time period considered, namely M19791112 for
November and December 1979, M19800102 for Jan-
uary and February 1980, and M19800304 for March
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Fig. 1. Geographical distribution of scalar (gray) and vector (black) satellite data. From (a) to (j), M19791112, M19800102, M19800304,
Ø19990304, Ø19990506, Ø19990708, Ø19990910, Ø19991112, Ø20000102 and Ø20000304.

and April 1980. The rms of these models are shown in
Table 2and the geographical distribution of the data
is shown inFig. 1. The mean of these three models is
named M19791980SV0.

3.3. Modeling theØrsted data

Comparison of MAGSAT and Ørsted models is
possible if the same criteria are applied in both data
selection and model parameterization. We decimated

the Ørsted 14-month dataset into seven 2-month sub-
sets. Each of these 2-month subsets was tested with
respect to the data geographical distribution (Fig. 1).
Considering a 12◦ × 12◦ equiangular grid, 98.4% of
the bins were filled. We then computed seven models:
Ø19990304, Ø19990506, Ø19990708, Ø19990910,
Ø19991112, Ø20000102 and Ø20000304, whose rms
values are listed inTable 2. The mean of these seven
2-month models is denoted Ø19992000SV0 (with
resulting parametersNmax

i = 20 andNmax
sv = 0).
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Fig. 2. Time distribution of Ørsted data. Data are counted during 15-day periods. Upper and lower panels show scalar and vector time
distributions, respectively.

We combined the seven subsets to have a com-
plete 14-month dataset.Fig. 2 shows the data dis-
tribution with respect to time. In this new case the
data distribution of the 14-month filled a 6◦ × 6◦
equiangular grid. Moreover, this dataset contained al-
most one measurement per 12◦ × 12◦ bin for ev-
ery 2-month interval (due to the previously described
data selection). We computed two models based on
the 14-month dataset—both are truncated toNmax

i =
29, with the same external parameters as above. The
first model was computed withNmin

sv = Nmax
sv = 13,

i.e. with instantaneous secular variation. This model
is denoted Ø19992000SVI. The second model, de-
noted Ø19992000SVM, was computed withNmin

sv =
8 and Nmax

sv = 13, i.e. with mixed secular varia-
tion. The input secular-variation model is the average
of the differences between the MAGSAT and Ørsted
models. The associated rms of Ø19992000SVI and
Ø19992000SVM models are given inTable 2.

4. Quality of the models

We compared Ø19992000SVI and Ø19992000
SVM to previously published magnetic field mod-

els for the same epoch. We considered the Inter-
national Geomagnetic Reference Field 2000 (IGRF
2000) and Ørsted Initial Field Model (OIFM). IGRF
2000 (Mandea and Macmillan, 2000)is truncated to
Nmax

i = 10 andNmax
sv = 8, with no external terms.

This model is predictive and is based on different
datasets, including ground and satellite observations.
OIFM (Olsen et al., 2000)is truncated toNmax

i = 19,
Nmax

e = 2, with no secular variation. This model is
built using Ørsted data spanning a short time interval.

The models were tested whether they could prop-
erly predict the Ørsted 14-month magnetic measure-
ments. To make the tests independent with respect to
the external field parameterization, the external coef-
ficients and the first-degree and orderDst-dependence
were assumed to be constant and equal to those of
Ø19992000SVI.

Results are expressed in terms of rms between
observed and predicted magnetic field values
(Table 3). The most interesting result is that both
the Ø19992000SVI and Ø19992000SVM models
better predict the field observations than the OIFM.
Comparisons with the IGRF 2000 main-field model
(not shown) lead to similar conclusions. The rms
of tests 1, 2 and 3 (Table 3) demonstrate that our
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Table 3
Residuals (in nT) computed for different models and truncations

Test Input MF Nmax
i Input SV Nmax

sv σ(F) σ(B) σ(B⊥) σ(B3)

1 OIFM 14 IGRF 2000 8 9.97 5.04 8.69 5.00
2 Ø19992000SVI 14 IGRF 2000 8 8.81 4.79 8.71 4.76
3 Ø19992000SVM 14 IGRF 2000 8 8.77 4.78 8.72 4.75
4 OIFM 14 Ø19992000SVI 8 8.43 4.44 8.70 4.86
5 Ø19992000SVI 14 Ø19992000SVI 8 6.97 3.69 8.58 4.50
6 OIFM 14 Ø19992000SVI 13 8.25 4.44 8.70 4.84
7 Ø19992000SVI 14 Ø19992000SVI 13 6.78 3.68 8.59 4.48
8 OIFM 14 Ø19992000SVM 8 8.51 4.45 8.69 4.86
9 Ø19992000SVM 14 Ø19992000SVM 8 6.91 3.70 8.60 4.49

10 OIFM 14 Ø19992000SVM 13 8.51 4.45 8.69 4.86
11 Ø19992000SVM 14 Ø19992000SVM 13 6.91 3.69 8.60 4.49
12 Ø19992000SVI 26 Ø19992000SVI 13 6.58 3.59 8.57 4.37
13 Ø19992000SVM 26 Ø19992000SVM 13 6.72 3.60 8.58 4.38

main-field models, truncated toNmax
i = 14, are bet-

ter than the OIFM, while there are little differences
between Ø19992000SVI and Ø19992000SVM.
Runs numbered 4, 5, 8 and 9 test secular varia-
tion truncated toNmax

sv = 8, while runs 6, 7, 10
and 11 test the full secular-variation models. On
one hand, our secular-variation models appear to
be more accurate than the IGRF 2000, while on
the other hand, the higher degree of truncation has
only little influence on the residuals. Statistics on
Ø19992000SVI and Ø19992000SVM truncated to
Nmax

i = 26 from tests 12 and 13 give similar results,
except for the total intensity where the differences are
≈2%.

All these results confirm that Ø199920000SVI and
Ø19992000SVM are more reliable than previously
published models. However, these tests do not allow
discrimination between the instantaneous and mixed
secular-variation models, which we then looked
for.

To get more information on the accuracy of the mod-
els we computed the energy spectra(Lowes, 1974)for
all models described above.Fig. 3 shows these spec-
tra for (a) MAGSAT and (b) Ørsted models. The en-
ergy spectra show similar behavior up to degree 14 for
the MAGSAT 2-month models. The Ørsted 2-month
models are similar up to degree 10. After these limits,
the spectra are more dispersed, spanning nearly one
or two orders of magnitude for MAGSAT or Ørsted
models, respectively. This discrepancy in the Ørsted
models is due to poorer geographic data distribution,
especially for Ø19990708 and Ø19990910, datasets

with gaps exceeding some tens of degrees above the
equator (Fig. 1).

Much more information can be extracted from
Fig. 4a, where 14-month internal field models spec-
tra are shown. These spectra are similar up to
degree 14. Thereafter, only Ø19992000SVI and
Ø19992000SVM exhibit the same behavior.Fig. 4a
also shows the spectrum of the Ø19992000SV0
rms, obtained as the differences between this model
and the 2-month Ørsted models. Those rms are
used to estimate the rms for Ø19992000SVI and
Ø19992000SVM models. Field and rms spectra inter-
sect near degree 15, which indicates that our internal
field models are reliable at least up to this degree.

It is worth noting that Ø19992000SVI internal
field model is slightly more energetic atNi = 13 than
Ø19992000SVM. This difference is likely linked to
the way secular variation is parameterized.Fig. 4b
shows spectra of the mean, instantaneous and mixed
secular-variation models. It also introduces the energy
spectrum of the 1989 secular-variation model calcu-
lated fromBloxham and Jackson (1992), denoted as
BJ1989. The differences between Ø19992000SVI
and Ø19992000SVM are important, reaching three
orders of magnitude at degree 13; the same difference
is observed between Ø19992000SVM and BJ1989.
The Ø19992000SVI secular-variation energy be-
tween degrees 8 and 13 is at the same energy level as
the Ø19992000SV(I–M) internal field ones (Fig. 4a).

All these tests underline the similarity of the
Ø19992000SVI and Ø19992000SVM internal field
models. However, the secular-variation coefficients
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Fig. 3. Energy spectra of (a) the three MAGSAT main-field models and of (b) seven Ørsted main-field models. Spectra of the M19791980SV0
and Ø19992000SVO mean models are also shown.

show large differences, which do not reflect the im-
provement of the modeling with respect to the com-
puted rms presented inTable 2. We therefore consider
the Ø19992000SVM model as the most accurate one.

5. Discussion

In this section, the geomagnetic field models de-
scribed above are used to discuss the secular-variation
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Fig. 4. Energy spectra of (a) main-field models and associated rms, and (b) secular-variation models and associated rms.

behavior at the Earth’s surface and at the core–mantle
boundary, as well as the geomagnetic lithospheric field
as predicted by Gauss coefficients (above degree and
order 13).

5.1. Temporal variations

Previous secular-variation models were essentially
based on ground measurements. The uneven temporal
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and spatial distribution of ground data usually led to
the truncation of secular-variation models to low de-
grees and orders. Thus, knowing the secular varia-
tion up to degree and order 13 is important to bet-
ter understand the short-term variations of the main
magnetic field. The advent of the Ørsted satellite has
brought major improvements: the energy spectrum of
our model clearly confirms the core origin of the sec-
ular variation up to degree and order 13. The tem-
poral variation for higher degree is not well deter-
mined, as it is overlapped by the crustal magnetic
field.

Fig. 5 shows the secular variation intensity at the
Earth’s surface, predicted by (a) IGRF 2000(Mandea
and Macmillan, 2000)and (b) Ø19992000SVM up
to degree and order 8. The large-scale behavior of
the secular variation is the same for both, although
the observed amplitudes of the secular variation from
the Ø19992000SVM are larger than those predicted
by IGRF 2000. The Ørsted satellite considerably
improves our knowledge of the secular variation.
Fig. 5d shows the differences between IGRF 2000
and Ø19992000SVM to Ni = 8. These differences
reach some tens of nT in some areas (above the west-
ern Pacific ocean); the rms differences are equal to
18.66 nT per year. The secular variation predicted
by Ø19992000SVM to Ni = 13 looks very similar
(Fig. 5c), with rms differences between degrees 8 and
13 equal to 1.56 nT per year, only. However, previous
high-degree and order secular-variation models, as
Bloxham and Jackson (1992)are not characterized by
the same energy level as Ø19992000SVM (Fig. 4b).
The observed rapid decrease in secular-variation
power about degree 8 is due to the lack of informa-
tion in the data to constrain the model above this
degree; the solution is controlled by the regularizing
norm.

We have shown that the MAGSAT and Ørsted
satellite missions provide a good database to pro-
duce better secular-variation models, which can be
used to study the Earth’s deep interior. One possible
application is to estimate the radius of the Earth’s
liquid core from geomagnetic model and to com-
pare it with the seismologically constrained value
(3486± 5 km).

The method applied here was detailed byHide
(1978) and is now summarized. Secular variation
∂ �B/∂t inside a conducting fluid is driven by the fluid

Fig. 5. Amplitude of the secular variation at the Earth’s surface:
(a) IGRF 2000 up toNi = 8; (b) Ø19992000SVM up toNi = 8;
(c) Ø19992000SVM up to Ni = 13 (Contours 20 nT per year);
(d) difference between IGRF 2000 and Ø19992000SVM up to
Ni = 8 (Contours 10 nT per year).
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velocity �u:

∂ �B
∂t

= �∇ ∧ (�u ∧ �B) + (µσ)−1 ��B (10)

The two members of the magnetic induction equa-
tion correspond to advection and diffusion. Diffusion
is controlled by the permeability (µ) and the conduc-
tivity (σ) of the core. The diffusion is neglected over
historical time scales, which leads to the frozen flux
assumption. At the core–mantle boundary, the radial
component ofEq. (10)is:

∂Br

∂t
= −�∇H × (�uBr) (11)

where �∇H = �∇ − �n(∂/∂r), �n denotes the unit radial
outward vector.

Assuming a closed surfaceSi at the core–mantle
boundary delimited byBr = 0, thenEq. (11)is equiv-
alent to(Backus, 1968):

δF =
∫
Si

∂Br

∂t
dS = 0 (12)

or

�F = d

dt

∫
Si

Br dS = 0 (13)

Eqs. (12) and (13)can be used for the whole
core–mantle boundary surface, and we can thus esti-
mate the magnetic core radius (RN ) as a function of
the degreeNi of truncation. We present three cases, the
first one based on�F = 0, and the two others based
onδF = 0. We successively used (i) M19791980SV0
and Ø19992000SVM, (ii) Ø19992000SVI and (iii)
Ø19992000SVM. Estimated core radii for different
truncation degrees are presented inTable 4.

Table 4
Estimated liquid core radius (in km) for different degrees of trun-
cation

Models R11 R12 R13 R14

M19791980SV0
3580.5 3714.2 3690.7 3656.0

Ø19992000SVM

Ø19992000SVI 3760.0 3786.0 4098.0 4327.0

Ø19992000SVM 3555.1 3681.8 3661.2 3587.6

Radii computed from Ø19992000SVI correspond to minimum
values for Eq. (12). The seismologically constrained radius is
3486± 5 km.

The estimated values are systematically greater
than the seismic value. There are no solutions for
Ø19992000SVI whatever theNi : the values inTable 4
were calculated when∂F was at minimum. Radii com-
puted from M19791980SV0 and Ø19992000SVM,
and from Ø19992000SVM are similar, withR12 and
R13 larger thanR11 andR14, these latter radii being
closer to the seismic value. However,R11 is com-
puted by neglecting some core Gauss coefficients. On
the contrary,R14 is probably biased by lithospheric
terms. Overestimates may be related to some core and
crustal overlapping between degrees 11 and 14. Our
Ø19992000SVM secular-variation model may have
too much energy at degrees 12 and 13.

5.2. Crustal field

The Ø19992000SVM model also helps to better
characterize the crustal magnetic field.Fig. 6 shows
the amplitudes of the crustal field contributions derived
from our model and from the M102389 MAGSAT
model(Cain et al., 1989), drawn at Ørsted mean alti-
tude (740 km). In each case, the crustal field is com-
puted as the difference between predicted data up to
Nint = 26 and predicted data up toNint = 13. The dif-
ference between predicted crustal field from MAGSAT
and from Ørsted models is also shown.

Some well-known magnetic anomalies are well de-
fined on both maps: the Bangui and Kursk anomalies,
the North America craton, the South West of Aus-
tralia, South Africa, North of New Zealand, and the
Himalayan chain. Magnetic anomalies are in general
weaker over oceanic areas (especially above the east-
ern Pacific ocean). Generally speaking, the anomalies
trend dominantly North–South in the Ørsted model
compared to MAGSAT one. The largest discrepan-
cies are mostly located in the Southern Hemisphere.
This behavior could be partly explained by the known
deficiency of the SIM to properly restore the satel-
lite attitude over the South Atlantic Anomaly(Olsen
et al., 2000). The mean altitudes of the Ørsted mea-
surements (Fig. 6d) indicate a correlation between
these discrepancies and the highest altitudes (espe-
cially above the Indian Ocean). Furthermore, the al-
ternation of high and low passes, especially over the
South Pacific Ocean, could explain the North–South
lineation of the observed crustal contributions. The
large differences occurring near the poles are linked to
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the inclination of the satellites (96.76◦ for MAGSAT
and 96.62◦ for Ørsted), thus no polar data are avail-
able.

We estimated the correlation coefficients be-
tween maps (Fig. 6a and b). The correlation be-
tween MAGSAT and Ørsted crustal contributions at
740 km is 0.71, but increases to 0.74 for latitudes
between±75◦, and to 0.78 for latitudes between
±60◦. Within this latitude band, the rms difference
between MAGSAT and Ørsted charts is 0.75 nT. The
crustal field predicted by Ø19992000SVM (between
Nint = 14 and 26) is highly correlated with the crustal
field observed by MAGSAT in 1979–1980, although
MAGSAT flew closer to the sources, and the actual
accuracy of Ørsted measurements is 2.5 nT. This is an
important result in itself, as prior to the mission it was
not clear if the lithospheric field could be measured
by Ørsted. Although its instrumental accuracy is bet-
ter than MAGSAT (2.5 nT compared with 4 nT), the
higher flight altitude makes detecting higher degrees
more difficult.

6. Conclusions

Model Ø19992000SVM has demonstrated its abil-
ity to predict the main magnetic field and its secular
variation at the core–mantle boundary for the period
1980–2000. This model can eventually be used to
measure the radius of the Earth’s core and better de-
fine lithospheric field anomalies. In a previous study
(Hulot et al., 2002), geomagnetic field variations at the
core surface was computed between 1980 and 2000.
Strong small-scale geomagnetic field variations were
found to be localized below the North Pole and in
a region centered below South Africa. In contrast, a
large region below the Pacific and the South Pole ex-
hibits weak variations. These features are compared
with those obtained from historical, archeomagnetic
and paleomagnetic data, as well as with the results
of some numerical computations, suggesting that the
present day behavior of the geomagnetic field could be

�
Fig. 6. Amplitude of the crustal field contribution fromNi = 14
to 26, in nT, at 740 km, for (a) M102389(Cain et al., 1989); (b)
Ø19992000SVM; (c) the difference between the two models; (d)
the mean altitude of Ørsted measurements.
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considered unusual. Another study concerning the dy-
namics of the core was developed inLanglais (2001),
where characteristic times of geomagnetic field from
Ø19992000SVI and Ø19992000SVM models were
estimated. ForNi ≥ 8, the characteristic times based
on Ø19992000SVI are one order of magnitude higher
than those based on Ø19992000SVM. The combined
MAGSAT and Ørsted models will undoubtedly allow
new studies of mantle electric conductivity, the cou-
pling between the fluid core and the lower mantle,
electric properties of the Earth’s outer core, and the
relation between length-of-day and geomagnetic pro-
cesses.

Concerning the crustal field,Mandea and Langlais
(2002)estimated the geomagnetic observatory crustal
biases using the M19791112 and Ø19991112 mod-
els. Computed biases were compared for a set of ob-
servatories operating in 1979/1980 (MAGSAT epoch)
and 1999/2000 (Ørsted epoch). These comparisons
showed their stability over a 20-year time interval.
Purucker et al. (2002)compared magnetic field val-
ues as predicted by MAGSAT and Ørsted models (for
15 ≤ Ni ≤ 26) to those computed from a priori in-
duced and remanent magnetization models over North
America. They showed that a priori models can be
slightly modified to more closely fit the observations
at satellite altitudes, and thus that magnetic data may
be used with other geophysical information to better
constrain the physical properties of the Earth’s litho-
sphere.

The described Ørsted models do not take into ac-
count the ionospheric field. Assuming the ionosphere
as a thin, conducting spherical shell, flowing at 110
km mean altitude, its magnetic contribution can be es-
timated if magnetic measurements are available above
and below this 110 km spherical shell(Sabaka and
Baldwin, 1993). Furthermore, the ionospheric field has
periodic variations (from daily to pluri-annual), which
can be determined if the data sampling interval is short
enough with respect to the periodic variations to be
resolved. In our models, the ionospheric field is con-
sidered as a part of the internal contribution, i.e. the
Gauss coefficientsgmn andhmn reflect both internal and
weak ionospheric fields. Modeling of the ionospheric
field will eventually be achieved using satellite and
observatory hourly means or even minute values. This
would also avoid the need for night local time selec-
tion of the satellite data.

Finally, other satellite data sources should not be
forgotten. Two more satellites measure the magnetic
field, during and after the Ørsted mission. One is
the German CHAMP satellite, launched on 15th July
2000, the second is the Argentinean SAC-C satel-
lite, launched on 8th November 2000 These three
high-precision magnetic field missions will open op-
portunities for improving our understanding of the
Earth’s magnetic field and its internal and external
variations.
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